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Abstract  

Py ro l ys i s  o f  coa ls  i n  the presence o f  hydrogen i s  known t o  enhance l i q u i d  
y i e l d s ,  bu t  t h i s  enhancement i s  o f t e n  accompanied by increases i n  methane make. In 
many instances increased methane y i e l d s  are de t r imen ta l  because o f  t he  amount of 
hydrogen consumed t o  make methane. This paper w i l l  d iscuss the  d iscovery o f  a 
c r i t i c a l  temperature th resho ld  f o r  coal hydropyro lys is ,  below which 1 i t t l e  methane 
i s  formed, and above which s i g n i f i c a n t  methane i s  produced. A simple procedure i s  
described t o  determine t h e  c r i t i c a l  temperature, which i s  d i f f e r e n t  f o r  each coal 
and pressure regime used. 

INTRODUCTION 

Coal has an atomic hydrogen t o  carbon r a t i o  l ess  than un i t y .  To make 
des i rab le  l i q u i d s ,  w i t h  atomic H/C r a t i o s  o f  1.5 t o  2, hydrogen must be added o r  
carbon removed. The l a t t e r  approach invo lves  p y r o l y s i s  o f  t he  coal t o  produce 
l i q u i d s ,  gases and a carbonaceous residue c a l l e d  coke o r  char depending on whether 
t h e  coal became p l a s t i c  du r ing  the  py ro l ys i s .  I n  t h e  past  many researchers have 
t r i e d  t o  increase the  y i e l  l i q u i d s  by per forming the p y r o l y s i s  i n  the  presence 
o f  hydrogen under pressttrefl'{). I n  general,  these researchers obta ined increased 
l i q u i d  and hydrocarbon gas ( C 1  t o  C3) y i e l d s  from such hyd ropy ro l ys i s  methods 
r e l a t i v e  t o  p y r o l y s i s  under i n e r t  atmospheres. These increases came a t  t h e  expense 
of s i g n i f i c a n t  hydrogen uptake, and the  hydrogen repor ted main ly  t o  the  hydrocarbon 
gases. 

I n  our s tud ies o f  coal hydropyro lys is ,  we confirmed the y i e l d  increase 
trends p rev ious l y  observed. While examining the e f f e c t  o f  temperature on the  hydro- 
p y r o l y s i s  reac t i on  we found t h a t  a temperature th resho ld  ex i s t s ,  below which 
increased l i q u i d  y i e l d s  are obta ined wi thout  product ion o f  l a r g e  q u a n t i t i e s  o f  
hydrocarbon gases. D e t a i l s  o f  t h i s  f i n d i n g  are described i n  t h i s  paper. 

EXPERIMENTAL 

Hydropyro lys is  reac t i ons  were c a r r i e d  ou t  i n  a f i x e d  bed apparatus, a 
schematic diagram o f  which i s  shown i n  F igure 1. lhe  620 cc reac to r  was capable o f  
sus ta in ing  pressures o f  up t o  13.3 MPa, and was heated by means o f  a f l u i d i z e d  sand 
bath, which could be ra i sed  and lowered h y d r a u l i c a l l y .  In a t y p i c a l  experiment, 
about 4009 o f  coal was charged i n t o  the hopper above the  reac to r  and pressur ized 
w i t h  e i t h e r  n i t rogen  o r  hydrogen. The reac to r  was placed i n  t h e  f l u i d i z e d  sand bath 
and heated a t  a r a t e  o f  about 4'C/min, w i t h  preheated n i t rogen  o r  hydrogen f l ow ing  
through i t  a t  a r a t e  o f  about 0.4 SCFM a t  a predetermined reac t i on  pressure. A t  an 
approp r ia te  temperature, coal from the hopper was charged t o  t h e  reac to r  by opening 
a b u t t e r f l y  valve, w h i l e  the  heat ing r a t e  was adjusted t o  about Z°C/min. V o l a t i l e  
products were c a r r i e d  out  o f  t he  reac to r  by the  f l ow ing  gas i n t o  a h igh  pressure 
knock out  vessel. A f t e r  reducing gas pressure t o  1 atm i t was passed through a 
cooled low pressure knockout vessel then i n t o  a wet t e s t  meter. Gas samples were 
taken every 10 minutes and analyzed on a Carle GC. A t  t h e  end o f  t h e  experiment, 
t he  sand bath was lowered, t he  reac to r  cooled, and l i q u i d  and char products were 
co l l ec ted .  F igure 2 shows t y p i c a l  temperature p r o f i l e s  f o r  bo th  t h e  sand bath and 
reac to r  du r ing  constant  temperature coal p y r o l y s i s  under n i t rogen,  Reactor 
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temperature drops as coal  i s  added, but r a p i d l y  recovers t o  t h e  temperature o f  t he  
sand bath. 

Determinat ion  o f  t he  c r i t i c a l  temperature th resho ld  was accomplished by 
fo l l ow ing  the  above procedure us ing  hydrogen gas a t  a f low r a t e  o f  0.4 SCFM. Coals 
were addded t o  the  reac to r  a t  a temperature o f  36OOC and heat ing  was cont inued t o  
525OC. I n  F igure  3 the  temperatures o f  the  sand ba th  and the  reac to r  a re  p l o t t e d  
f o r  a t y p i c a l  experiment. We de f ine  the  c r i t i c a l  temperature as the  p o i n t  where the  
exotherm begins. 

RESULTS AN0 OISCUSSION 

Py ro l ys i s  under hydrogen i s  known t o  produce higher y i e l d s  o f  l i q u i d  and 
hydrocarbon gas products r e l a t i v e  t o  p y r o l y s i s  under n i t rogen.  This was v e r i f i e d  
us ing  a subbituminous coal  f o l l ow ing  the  above procedure, a t  a pressure o f  7MPa and 
a constant temperature o f  525OC. I n  the  hydrogen case, an exotherm was noted a f t e r  
3 minutes. F igure  4 shows the  e v o l u t i o n  o f  gases on a cumulat ive bas is  from the  
coal dur ing py ro l ys i s  under n i t rogen  a t  525OC. and F igure  5 shows cumulat ive gas 
e v o l u t i o n  and hydrogen consumption r a t e  f o r  t h e  reac t i on  under 7 MPa o f  hydrogen a t  
525OC. I n  the  n i t rogen  case, l i q u i d  y i e l d  was 10 w t %  (dry coal bas is ) ,  w h i l e  under 
hydrogen, l i q u i d  y i e l d  was 14 wt%. Notably d i f f e r e n t  were t h e  methane y i e l d s  i n  
n i t rogen  and hydrogen, 2 %t% f o r  the  former and almost 15 w t %  f o r  t he  l a t t e r .  From 
F igure  5 it can be seen t h a t  hydrogen consumption r a t e  p a r a l l e l s  methane evo lu t ion ,  
which imp l ies  t h a t  t h e  increased methane y i e l d  i s  due t o  the  some form o f  hydro- 
g a s i f i c a t i o n  o f  t he  coal o r  char. 

To b e t t e r  understand t h i s  observat ion,  t h e  hydropyro lys is  was c a r r i e d  out 
under the  programed temperature cond i t ions  descr ibed above. F igure  3 shows the  
temperature p r o f i l e .  C l e a r l y  an e x o t h e n  occurs a t  about 45 minutes residence t ime 
(temperature o f  about 4 6 5 Y ) .  F igure  6 shows the  gas evo lu t i on  f o r  t h i s  reac t i on  
from which i t  can be seen t h a t  s i g n i f i c a n t  methane evo lu t i on  occurs a t  about the  
same t ime as the  exotherm. We de f ine  the  temperature a t  which the  exotherm appears 
as a c r i t i c a l  temperature threshold.  

As i nd i ca ted  i n  Table 1, the  c r i t i c a l  temperature th resho ld  appears t o  be 
dependent upon hydrogen pressure, decreasing w i t h  inc reas ing  pressure. (hce again 
the  y i e l d  of o i l  i s  r e l a t i v e l y  constant, bu t  t he  methane make i s  d i r e c t l y  re la ted  t o  
hydrogen pressure. 

Table 1 

Onset o f  Exotherm and Methane Y ie ld  Related t o  Hydrogen Pressure 

(370-525'C; 0.4 SCFML 

7.0 9.2 - 1.4 - HYDROGEN PRESSURE, MPa 

EXOTHERM, O C  488 465 437 

YIELDS, W l %  COAL 

METHANE 
c + c 3  
OTLS 
CHAR 

HYDROGEN CONSUMPTION 
( w t %  coa l )  

7.0 11.9 23.0 
2.2 2.4 2.2 

12.8 14.7 14.8 
55.3 44.6 38.0 

2.32 3.76 5.14 
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The e f f e c t  o f  the exotherm on product y i e l d s  and hydrogen consumption was 
determined by c a r r y i n g  out  t he  hyd ropy ro l ys i s  i n  such a way t h a t  the reac t i on  
temperature never exceeded the c r i t i c a l  temperature, which f o r  t h i s  coal a t  these 
reac t i on  condi t ions was 465'C. F igure 7 d i sp lays  the thermal h i s t o r y  of t h i s  
experiment. Several minutes before the  c r i t i c a l  temperature was reached, the  sand 
bath was lowered, thus assur ing t h a t  t he  maximum temperature d i d  not exceed the  c r i -  
t i c a l  temperature. It i s  apparent from the f i g u r e  t h a t  t he  exotherm was completely 
e l im ina ted  i n  t h i s  experiment. F igure 8 shows the gas e v o l u t i o n  w i t h  t ime, and i t  
Can be seen t h a t  methane make i s  low and i n  t h e  same range as t h a t  f o r  p y r o l y s i s  
under n i t rogen.  Table 2 shows a d i r e c t  comparison o f  t he  y i e l d  pa t te rns  from the  
hydropyro lys is  conducted below and above t h e  c r i t i c a l  temperature. 

Table 2 

Higher Temperature Increases Conversion t o  Gas Not O i l .  

(0.4 SCFM; 7MPa H,) 

372-465OC 371-525OC 
YIELDS ( W l %  COAL) 35 M I N  85 M I N  

METHANE 
c + c 3  
OTLS 
CHAR 

HYDRCGEN CCNSUMP TION 
( w t %  c o a l )  

1.4 
1.2 

14.3 
64.5 

11.2 
2.4 

14.7 
44.6 

0.6 3.7 

It i s  obvious from these data t h a t  h igher  p y r o l y s i s  temperatures do i n -  
crease ove ra l l  conversions, but  i t  i s  s t r i k i n g  t h a t  o i l  y i e l d s  change very l i t t l e .  
Most o f  t he  conversion increase i s  mani fested i n  the methane make. The most 
s i g n i f i c a n t  f i n d i n g  from these data i s  t h a t  hydrogen consumption increases s i x  f o l d  
a t  t h e  h igher  temperature wi thout  adding t o  the l i q u i d  y i e l d .  The add i t i ona l  
hydrogen appears t o  be consumed i n  producing methane. 

A l l  o f  the data discussed t o  t h i s  p o i n t  was taken on a subbituminous 
coal. To determine whether the e f f e c t  i s  impor tant  f o r  coals  o f  d i f f e r e n t  rank, the 
hydropyro lys is  was c a r r i e d  out  on a bituminous coal. l h e  data f o r  these experiments 
are summarized i n  Table 3 and compared t o  those from the subbituminous coal .  In 
these experiments t h e  bituminous coal was impregnated w i t h  a concentrated potassium 
hydroxide s o l u t i o n  t o  a i d  i n  prevent ing agglomeration. The t r e a t e d  coal contained 
8.44 w t %  ac id  so lub le  potassium. The c r i t i c a l  temperature f o r  t h i s  coal was 
determined i n  separate experiments t o  be 474OC and the  hyd ropy ro l ys i s  was c a r r i e d  
out below the temperature. It can be seen from Table 3 t h a t  l i q u i d  y i e l d  from the 
bituminous coal increased by about two fo ld  under these hyd ropy ro l ys i s  condi t ions,  
w h i l e  t h e  hydrocarbon gas make i s  on ly  s l i g h t l y  h igher  than t h a t  produced under 
n i t rogen.  Much more work on other  coals  must be done before a f i r m  conclus ion can 
be made regard ing genera l i t y ,  but t h e  data gathered thus f a r  support t h i s  as a 
t e n t a t i v e  concl us i on. 

V i r t u a l l y  noth ing i s  known w i t h  c e r t a i n t y  regard ing t h e  mechanism or  
mechanisms involved i n  t h i s  phenomenon. Che obvious mechanism f o r  methane format ion 
i s  hydrodealky la t ion o f  s ide  chains. I f  d e a l k y l a t i o n  i s  a major  pathway, i t  should 
be poss ib le  t o  observe d i f f e rences  i n  the i n f r a r e d  spect ra o f  hydropyro lys is  chars 
made above and below t h e  c r i t i c a l  temperature. F igure 9a i s  a Four ie r  Transform I R  



Table 3 

C r i t i c a l  Temperature Threshold May be General 

SURB I l l l M  INOUS B I N M  INOUS* 

465 474 CRITICAL TEMP., O C  

LIQUID YIELD (Wn OAF) I N  
H2 
N2 (525’C) 

CHAR ( W l %  DAF) I N  
H2 
N2 (525’C) 

* KCH t r ea ted  

15.5 
11.3 

2.8 
5.6 

61.5 
66.4 

18.7 
9.7 

6.4 
5.0 

58.4 
68.1 

spectrum o f  t h e  char from t h e  hyd ropy ro l ys i s  r e a c t i o n  which produced 11.2 w t X  
methane (Table 2), and F igure 9b i s  t he  d i f f e r e n c e  spectrum between Figure 9a and 
t h a t  o f  the spectrum o f  t h e  char from the  hyd ropy ro l ys i s  reac t i on  which made 1.4 w t l  
methane (Table 2). F igu re  9b does not  i n d i c a t e  s i g n i f i c a n t  d i f f e rences  between the 
two chars. 

Elemental analyses o f  the chars show t h a t  oxygen remaining i n  the chars 
decrease as more methane i s  made. These data are d i sp layed  i n  F igure 10, as methane 
y i e l d  p l o t t e d  against  atomic O/C r a t i o ,  and may i n d i c a t e  t h a t  carbon-oxygen bonds 
are the  s i t e s  most r e a d i l y  a t tacked by hydrogen. 

(Xle se t  o f  mechanisms which app.ear t o  be..consistyjf w i t h  the observat ions 
discussed above are those proposed by Graber and Hu t t i nge r  . They subjected many 
aromatic, a l ky la romat i c  and heteroatom-containing aromatic model compounds t o  hydro- 
p y r o l y s i s  a t  temperatures vary ing between 600-1000°C. Anong t h e i r  conclusions, they 
found t h a t  oxygen i n  aromatic r i ngs  and hydroxyl groups o f  phenol and naphthol 
s t rong ly  enhance the methane y i e l d ,  and t h a t  decarbonylat ion was a key s tep  f o r  both 
type: o f  oxygen Compounds: 

This appears t o  be i ncons is ten t  w i t h  a hyd rodea lky la t i on  hypothesis. 

F 
.: 

Nit rogen con ta in ing  aromat ic  systems a l so  showed a propensi ty  t o  form methane under 
t h e i r  condi t ions.  Analyses of t he  chars described above showed an inve rse  
dependence o f  methane y i e l d  t o  the  atomic N/C r a t i o .  
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CONCLUSIONS 

A c r i t i c a l  temperature th resho ld  e x i s t s  f o r  coal hydropyro lys is ,  above 
which methane forms r a p i d l y '  w i t h  a concomitant increase i n  hydrogen consumption. 
L i q u i d  y i e l d s  are no t  increased above the  c r i t i c a l  temperature. The c r i t i c a l  
temperature threshold may be a general phenomenon, and depends upon coal ,  i.e.. 
bituminous o r  subbituminous coal, hydrogen p a r t i a l  pressure and hydrogen t r e a t  
rate. The chemistry and mechanisms invo lved  i n  the  e f f e c t  are no t  we l l  under- 
stood. P re l im ina ry  r e s u l t s  i n d i c a t e  t h a t  d e a l k y l a t i o n  may not  be a major route t o  
methane formation, and t h a t  the react ions t o  produce methane take  p lace a t  hetero- 
atom s i tes ,  p a r t i c u l a r l y  oxygen and n i t rogen,  i n  the  char. 

This work suggests t h a t  c o n t r o l l i n g  the temperature o f  t he  hydropyro lys is  
below t h a t  o f  the c r i t i c a l  temperature i s  an impor tant  means t o  improve the  u t i l i z a -  
t i o n  of hydrogen, thus improving the e f f i c i e n c y  o f  any hydropyro lys is  process. 
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Fig. 1. Fixed Bed Hydropyrolysis Apparatus 

Bed Temperature (Sand) 

Reactor Temperature (Coal) 

- s&- coal 
7 MPa Nitrogen 

550 

500 

Temp, 
O C  

450 

400 
0 20 40 60 80 100 

Residence Time, M i  
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Fig .  3. Programmed Hydropyro lys is  Heatup E x h i b i t s  Exotherm 
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( a )  Gas Make and (b) Hydrogen Consumption Rate for Hydropyrolysis 
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Fig. 6 .  Increase4 CH4 Evolution with Onset of  Exotherm 
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Fig .  9. 
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(a )  FTIR Spectrum o f  Char (11.2 wt .% CH4); (b) Di f fe rence  Spectrum 
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Fig .  10. Methane Y ie lds  Inve rse l y  P ropor t i ona l  t o  Oxygen i n  Char 
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